Introduction
Organic photovoltaics (OPV) promises an alternative, low-cost, green approach to harvest solar energy with advantages of solution processing, ease of fabrication and capability to be deposited on flexible substrates [1] [2] [3] [4] . Since the first demonstration of organic donor/acceptor heterojunction by Tang in 1986 [5] , there have been tremendous research efforts invested in the OPVs. The highest efficiency reported to date is ~9.2% for a single cell [6] and 12% for a tandem cell [7] . However, the efficiency is still low compared to inorganic solar cells. For low-cost, large-scale deployment of organic photovoltaics, an efficiency level of ~15% should be achieved for commercialization [3] . With the aim of achieving this target several approaches are being employed including the use of additives and mixed solvents, new structures, low bandgap polymers and tandem cells [8] [9] [10] [11] . Another possible direction for efficiency enhancement is the use of metal oxides, which serve as an anode or a cathode interfacial layer in OPVs.
Metal oxides offer dual roles for the operation of OPVs. They improve charge extraction by lowering the barrier height at the electrode while blocking the opposite charge from reaching the electrode, thus reducing recombination [3] . A p-type (or p-type like) metal oxide acts as a hole transport layer and electron blocking layer while n-type metal oxide acts as an electron transport layer and a hole blocking layer, thus boosting the device performance. In the case of inverted OPVs, thin layers of p-type metal oxides such as MoO 3 , V 2 O 5 , WO 3 and NiO are used in the place of PEDOT:PSS [12] [13] [14] . These oxides exhibit high work functions, good hole conductivity and electron blocking capability, and are usually deposited using thermal evaporation [12] . For electron transport layer, n-type metal oxides such as TiO 2 and ZnO are used. ZnO has high electron mobility as well as high optical transparency in the visible region. Hence, ZnO is a strong candidate for an electron transport layer in inverted OPVs [15] . Though there are different methods including chemical vapor deposition and spray pyrolysis for depositing ZnO, spin-coating ZnO from the sol-gel is a highly preferred method because of its low cost, composition controllability and the ability to make homogenous films [16] .
In comparison with uniform featureless layers, nanostructured metal oxides can enhance the device performance in three ways: increasing the interfacial area between the metal oxide and the active layer, providing better charge collection and stronger light trapping for enhanced optical absorption [17, 18] . These have been demonstrated and well documented using ZnO nanopillar and nanorod structures in inverted OPVs [15, 17, 19, 20] . ZnO nanopillar and nanorod structure fabrication usually needs a high-temperature and elaborative processing. In contrast to nanopillar and nanorod structures, porous structure may give similar improvements without the need for a sophisticated process. Moreover, active layer coated on nanopillars/nanorods will result in a rough and nonuniform thin film and there are reports of such rough active layers increasing the recombination, thus lowering the fill factor of the resulting devices [15] . Porous layers thus potentially offer the benefit of artifact-free surface for uniform deposition of the subsequent layers. If adequate penetration of active layer material in these porous structures can be ensured, then the device efficiency improvement can be guaranteed. A previous study reported the use of porous ZnO structure for fabrication of hybrid OPV with ZnO and Poly(3-hexylthiophene)(P3HT) [21] . In this hybrid device (ITO/ZnO, porous ZnO/P3HT/Au), P3HT-ZnO formed the donor-acceptor interface. The use of PEG with ZnO nanocrystal layer in a regular OPV (ITO/PEDOT:PSS/Active layer/ZnO, ZnO-PEG/Al) was also reported [22] . However in this previous work, the role of PEG was not to induce porosity, but to hybridize the ZnO nanocrystal layer, which resulted in larger nanocrystal domains with fewer domain boundaries. The ensuing reduction in series resistance and improved electrical contact to the Al layer were determined to be the enhancing factors leading to an improved device performance with an 11% increase in current density. Also, a rugged ZnO layer, induced by solvent extraction, was studied for inverted OPV(ITO/ZnO/Active layer/VO x /Ag) [23] . This rugged ZnO layer was reported to improve the current density by 20% and resulted in an efficiency level of 3.69% by the virtue of improved surface area and interfacial contact between the active layer and rugged ZnO layer. However, although overall efficiency enhancement was observed as a result of this rugged layer, this ZnO film did not exhibit a high degree of porosity. In this paper, the use of microstructued porous ZnO in the poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl ester (P3HT:PCBM) bulk heterojunction (BHJ) inverted organic solar cell, utilizing polyethylene glycol (PEG) as porosity inducing organic template, was proposed and demonstrated to enable a highly scattering electron selective layer. Here, the outcome of employing an optimized PEG-induced highly porous ZnO structure in inverted OPV was found to be a 35% increase in current density and 30% increase in the efficiency of the device, compared to the optimized non-porous reference cell. In addition, haze factor studies were conducted to confirm and correlate the role of porous ZnO layer as light-scattering sites with high degree of porosity.
Experimental details

Device fabrication
The effect of porous ZnO layer on the OPV device performance was systematically investigated by comparing such devices with the reference OPV device employing nonporous ZnO layer. The OPV device structures fabricated for these studies (ITO/ZnO/P3HT:PCBM/MoO 3 /Ag) are illustrated in Fig. 1 . The reference structure has a non-porous ZnO layer as shown in the scanning electron microscopy (SEM) image in Fig.  1 (a) and the device with a highly porous ZnO layer is shown in Fig. 1(b) . For these structures, indium doped tin-oxide on glass was used as the substrate. ZnO spin-coated from ZnO sol-gel and MoO 3 deposited using a thermal evaporator were used as the electron and hole selective layers, respectively. A 1:1 ratio of P3HT:PCBM (40mg/mL) in cholorobenzene solvent was used as the active layer and silver, deposited using the thermal evaporator, was used as the electrode. For the reference structure [ Fig. 1(a) ], the ZnO layer was prepared by spin-coating from ZnO sol-gel using the method described elsewhere [12] with zinc acetate dihydrate as the precursor and anhydrous ethanol as the solvent. The as-coated ZnO layer was then annealed at 200°C to obtain the ZnO electron selective layer. For the porous structures, the porosity was further induced in the ZnO layer with the addition of poly ethylene glycol (PEG) to the aforementioned ZnO sol-gel solution. Here the role of the PEG is to form an organic template to support ZnO and assist in the formation of a porous structure by inducing a phase separation between the solvent and zinc oxide adsorbed on PEG [16] . Upon subsequent annealing at 200°C, the PEG was removed and the porous ZnO layer was obtained. The resultant thickness of the ZnO layer is ~40 nm regardless of the porous or non-porous structure. The rest of the processing was identical for both porous and non-porous structures. The P3HT:PCBM active layer was spin-coated, followed by annealing 100°C for 10 min. The samples were then transferred to the evaporator for the deposition of MoO 3 hole selective layer and silver electrode, which were then subjected to post-annealing in N 2 ambient at 160°C for 10 min. 
Characterization
Current density-voltage (J-V) measurements for the fabricated devices were performed under a solar simulator using AM1.5G filter calibrated to obtain simulated light intensity of 100 mW/cm 2 . From the J-V measurements, the vital device performance parameters, namely, the open circuit voltage (V oc ), short circuit current (I sc ), fill factor (FF) and efficiency (η) were extracted. Incident Photon to Charge Conversion Efficiency (IPCE) spectra were measured using photovoltaic cell spectral response and external quantum efficiency (EQE) measurement system. The system has a Xenon light source and triple grating monochromator. Absorption/reflection spectra and haze factor measurements were taken using PerkinElmer UV/Vis/NIR spectrophotometer system. The system includes a spectral span from 175 to measurements.
Results and discussions
Porous vs. non-porous devices
Initially, the optimal processing conditions for spin-coating the ZnO sol-gel and active layer for the reference OPV device was established. The OPV devices with the porous ZnO layer, using a ZnO:PEG ratio of 4:1, were then fabricated using the same parameters for spincoating the active layer (2000 rpm). However, contrary to expectations, these porous devices showed degraded performance compared to the reference samples. While the open circuit voltage and the fill factor of the porous and non-porous devices were similar, the short circuit current density of the porous structure OPV was lower compared to the reference (Fig. 2 ).
An adequate filling of pores is an important criterion to obtain high efficiency in porous devices. In addition to the pore size, the spinning speed of the active layer material also has an impact on the filling of pores. Experiments were carried out to see the effect of the spinning speed of the active layer on the device performance. A slow speed (800-1000 rpm) can lead to a better filling of the pores. The slow speed also results in thicker active films, which in turn enable stronger absorption of light. However, the thickness of the active layer in OPVs are typically kept to below 200 nm, as thicker films cause higher series resistance and longer charge transport distances. This can result in lesser charge collection and hence poorer device performance [15] . J-V curves in Fig. 2(a) show that a slow spinning speed leads to poor performance of the reference devices with non-porous ZnO layer due to thicker active layer. However, in the case of porous ZnO devices, a slow spinning speed leads to a remarkable improvement in performance (Fig. 2(b) ). In the case of the reference devices, the downside of using thicker layers comes into play. However, for the porous OPVs, the improved penetration which comes with the slower spinning speed, leads to improved surface area, interfacial contact and charge collection, which complements the increased optical absorption in the thicker active layer. Table 1 lists the extracted device parameters of these devices and it can be observed that the porous OPV shows enhanced performance even compared to the best performing reference sample. The slow spinning speed for the active layer coating was thus used for the device with porous ZnO film whereas fast spinning speed was used for the device with non-porous ZnO film in the rest of the experiments. 
Influence of porosity on OPV devices
To study the effect of PEG concentration on the porosity and the device performance, ZnO sol-gel solutions with varying PEG concentrations were used to spin-coat their porous ZnO layer. In these experiments, ZnO-to-PEG ratios of 3:1, 4:1 and 5:1 were studied. The ZnO:PEG ratio above 5:1 was found to be too minute to result in sufficient porosity in the ZnO layer and ZnO:PEG ratio below 3:1 has overconcentration of PEG and hence proved unsuitable. Figure 3 shows the SEM images of the resulting porous ZnO layers with different ZnO:PEG ratios. From the images it can be seen that the concentration of PEG in the solution has marked influence on the porosity of the resultant layer. From the J-V curves (Fig. 4(a) ) and Table 2 , listing the extracted parameters of the fabricated OPV devices with the best performance for different PEG ratios used in porous ZnO layer and that of the reference device with non-porous ZnO layer, it is apparent that the ZnO:PEG concentration of 4:1 provides the best results. From Fig. 4(b) , which compiles the efficiency extracted from 24 devices for each ZnO:PEG ratio, the trend of efficiency is evident. There is an increase in the efficiency when the ZnO:PEG ratio is decreased from 5:1 to 4:1, which can be attributed to the increased pore size and porosity due to the increase in PEG concentration (as can be seen from the SEM images). However, further decrease in the ZnO:PEG ratio to 3:1 leads to deteriorated performance. From SEM images it can be observed that, for the ZnO:PEG ratio of 3:1, though the pores appear larger, they are less well-defined and traces of excess PEG is visible, which affects the device performance adversely.
Incident photon-to-charge conversion efficiency (IPCE) spectra of the devices with different ZnO:PEG ratios are presented in Fig. 5 . The IPCE data follows the trend of short circuit current density and thus supports the correlation between the porosity and the device performance as discussed. To understand the effect of PEG concentration on the ZnO layer characteristics, contact angle and absorption measurements were taken. Contact angle measurements provide information on the quality of the layer under study in terms of wettability and adhesion properties. Layers with good wettability and adhesion have smaller contact angles. Table 3 lists the results of the contact angle measurements for the porous ZnO layers with various ZnO:PEG ratios. From Table 3 it can be seen that the wettability is most favorable for the ZnO:PEG ratio of 4:1. For the ZnO:PEG ratio of 3:1, the wettability is substantially compromised and this may be due to the excess PEG present in the film. Absorption spectra of the active layers deposited on the porous ZnO layers with various ZnO:PEG ratios and on the non-porous ZnO layer are shown in Fig. 6. (Note: Herein, we added the absorption spectrum of the active layer deposited on the non-porous layer for the sake of comprehensiveness of the data. However, it is not a fair comparison between the absorption of active layer on the porous and non-porous films because the spin-coating speeds are not the same. The spin coating speed of 2000 rpm was used for non-porous ZnO whereas slow spin speed of 800-1000 rpm is used for porous ZnO to obtain the optimum device performance.) As can be seen from Fig. 6 , the porous ZnO structure with the ZnO:PEG ratio of 4:1 exhibits higher optical absorption at all the wavelengths. The absorption profile of the sample with the ZnO:PEG ratio of 3:1 is markedly lower than the samples with other ratios of ZnO:PEG. The increase in the PEG concentrations in the porous ZnO layer with 3:1 ZnO:PEG left traces on the sample and adversely affected the spin-coating of the active layer and hence the absorption. From both measurements, the ZnO:PEG ratio of 4:1 was found to be the best for porous ZnO layer. The contact angle and absorption results of the samples were correlated to the device performance. . Absorption spectra of the active layer deposited on porous ZnO layer with different ZnO:PEG ratios and on non-porous ZnO layer. A slow spin speed of 800-1000 rpm is used for porous ZnO whereas spin speed of 2000 rpm is used for non-porous ZnO.
Haze factor of porous ZnO layers
Employing the porous ZnO layer in OPV leads to notable improvement in the device performance and this may be mainly due to light trapping, increased absorption and enhanced surface area, interfacial contact and charge collection by sufficient pore-filling. The pores induced by PEG in the porous ZnO structure act as light scattering centers. This scattering increases the light path length, leading to improved absorption, which would further enhance the device performance. This can be verified using haze factor measurements. Haze factor studies are commonly used to quantify the scattering of transmitted light from a textured conductive oxide layer [24] . Haze factor can be described as the ratio between the total and diffused transmittance from the textured surface. To study the light scattering effects of the porous samples, transmission measurements were also carried out on the ZnO films coated ITO samples. Results of the total transmission studies on these samples are depicted in Fig.  7(a) and results of diffuse transmission studies in the inset of Fig. 7(a) . Figure 7(b) shows the extracted haze factor results. Haze factor was the highest for the sample with ZnO:PEG ratio of 4:1 and agrees well with the rest of the results. The increased scattering in this sample, leads to improved light trapping and absorption and hence aids in enhancing the efficiency of porous OPV devices compared to the reference non-porous OPV devices. 
Conclusions
With the introduction of high level of porosity in the ZnO electron selective layer in an inverted OPV, the ZnO layer acts as a scattering-center. The superior performance of the OPV device with highly porous ZnO layer is attributed to the porous layer created and controlled using polyethylene glycol template with an optimized ZnO:PEG ratio and active layer spincoating speed. The highly porous ZnO layer provides increased light trapping, the role of which has been substantiated by device measurements and the layer characterizations performed. By employing the porous ZnO layer in the inverted OPV device, a current density of 11.34 mA/cm 2 and an efficiency level of 4.07% have been obtained. This is a marked improvement over the device performance of the reference sample with the non-porous ZnO layer. The use of such porous nanostructures can be extended to other metal oxides for both regular and inverted OPVs, which is being currently investigated. Porous metal oxide layers can also be applied to OPV systems with different active layer components, thus making porous light-scattering interlayers a highly portable method of efficiency improvement in organic photovoltaics.
